Cyclin D1 is involved in cell-cycle arrest in DNA-damage response. This study tested the hypothesis that cyclin D1 regulates mitochondrial apoptosis. Cyclin D1 was induced by low-dose ionizing radiation (LDIR; 10-cGy X-ray) in human keratinocytes with an adaptive radioresistance that can be inhibited by short interfering RNA (siRNA)-mediated cyclin D1 inhibition. Cyclin D1 was found to form complex with chaperon 14-3-3f in unstressed cells and mutation of 14-3-3f Ser-58 to Asp (S58D) significantly impaired 14-3-3f binding to cyclin D1. The formation of cyclin D1/14-3-3f complex was differently regulated by exposure to low (10-cGy X-ray) versus high (5-Gy c-ray) doses of radiation. Unlike exposure to 5-Gy that predominantly enhanced cyclin D1 nuclear accumulation, LDIR induced the dissociation of the cyclin D1/14-3-3f complex without nuclear translocation, indicating that cytosolic accumulation of cyclin D1 was required for LDIR-induced adaptive response. Further studies revealed a direct interaction of cyclin D1 with proapoptotic Bax and an improved mitochondrial membrane potential (Dw m ) in LDIR-treated cells. Consistently, blocking cyclin D1/Bax formation by cyclin D1 siRNA reversed Dw m and inhibited the LDIR-associated antiapoptotic response. These results demonstrate the evidence that cytosolic cyclin D1 is able to regulate apoptosis by interaction with Bax in LDIR-induced adaptive resistance.
Introduction
Mammalian cells exposed to certain low-dose ionizing radiation (LDIR) are evidenced to generate beneficial effects on maintenance of genomic integrity and the ability to repair damaged DNA (Kelsey et al., 1991; Feinendegen et al., 1996; Klokov et al., 2004) . The adaptive radioresistance induced by LDIR is also demonstrated by an enhanced cell survival to subsequent high-dose ionizing radiation (HDIR) (Limoli et al., 2001; Ulsh et al., 2004) . Although specific gene expression patterns have been linked with the altered cell radiosensitivity, the exact mechanisms governing the LDIR-associated advantage in cell survival remain elusive. Elucidating the molecular mechanisms of LDIR-induced radioresistance may provide mechanistic insights in radiation response and tumor radiosensitivity.
Mitochondria are key integrators of diverse metabolic signals, including production of reactive oxygen species. Aging and tumorigenesis are associated with mitochondrial DNA mutations and mitochondrial function is being considered as a potential target for cancer therapies (Costantini et al., 2000) . LDIR-induced adaptive response is linked with alterations of total mitochondrial protein translocation rate (Pandey et al., 2006) . NF-kB (nuclear factor-kappa B; a welldocumented stress-responsive transcription factor) upregulates mitochondrial antioxidant manganese-containing superoxide dismutase in tumor necrosis factor-a- (Daosukho et al., 2002) and ionizing radiation (IR)-treated cells (Guo et al., 2003; Fan et al., 2007) . These results implicate an active role of mitochondrial apoptosis in signaling an adaptive resistance to mammalian cells. The mitochondrial antiapoptotic Bcl-2 and proapoptotic Bax are key factors for maintaining the mitochondrial membrane potential (Dc m ) and mitochondrial apoptosis (Karbowski et al., 2006) . Bcl-2 antagonizes the proapoptotic activity of Bax by direct forming Bcl-2/Bax heterodimers and the ratio of Bcl-2 to Bax is demonstrated to regulate the change of Dc m and apoptosis (Zhang et al., 2000) . Further evidence indicates that Bax activity is diminished in cells with elevated Dc m to prevent apoptosis. It is unknown, however, whether Bax-mediated Dc m alteration is involved in LDIR-induced radioadaptive response.
Cyclin D1 encodes a regulatory subunit of the holoenzyme that phosphorylates and inactivates the retinoblastoma protein to promote nuclear DNA synthesis (Sherr, 1994) . Cyclin D1 is overexpressed in a variety of tumors (Oyama et al., 1998) and is linked with tumor therapy resistance and a poor prognosis of cancer (Biliran et al., 2005) . Cyclin D1 is normally sequestered in the cytoplasm to reduce cell death, whereas apoptosis is induced when its nuclear localization is enforced (Sumrejkanchanakij et al., 2003) . In addition, 14-3-3 chaperons (14-3-3s) are shown to have critical role in DNA-damage-induced cell-cycle checkpoint control and cell survival by regulation of subcellular protein traffics (Xiao et al., 1995) . Inhibition of 14-3-3s sensitizes cancer cells to radiation (Qi and Martinez, 2003) . The radioprotective function of 14-3-3s has been linked with the direct interaction and inhibition of proapoptotic Bax (Nomura et al., 2003) , sequestration of cytoplasmic c-Abl (Yoshida et al., 2005) and relocation of apoptosis-promoting forkhead transcription factor FKHRL1 to cytoplasm (Brunet et al., 1999) .
Using LDIR (10-cGy X-ray)-irradiated human skin keratinocytes, the present study reveals a novel antiapoptotic function of cyclin D1 in LDIR-induced adaptive radiation resistance. A substantial amount of cyclin D1 was induced in human keratinocytes after exposure to LDIR, and the cytosolic cyclin D1 was predominantly induced in low rather than high-dose radiation, indicating that cyclin D1 is involved in mitochondrial apoptosis. Short interfering RNA (siRNA)-mediated cyclin D1 inhibition blocked cyclin D1/Bax interaction and eliminated LDIR-induced adaptive resistance. Thus, the accumulated cytosolic cyclin D1 proteins may have important role in inhibiting mitochondrial apoptosis in radiation-induced adaptive response.
Results
Cyclin D1 was induced in LDIR-mediated adaptive response As cyclin D1 was highly expressed in the radio-resistant cells following long-term radiation (Guo et al., 2003) , we examined the potential role of this protein in LDIRmediated adaptive radioresistance in immortalized human skin keratinocytes HK18. Long-term LDIR with 0.5-cGy per fraction per day substantially induced the expression of cyclin D1 (Figure 1a , upper panel). Two possible mechanisms are responsible for the increased cyclin D1 protein level: gene transcriptional activation and reduced cyclin D1 degradation. A single dose of 0.5-cGy was able to enhance cyclin D1 levels ( Figure 1a , lower panel), indicating that each subsequent exposure may be additive to the previous exposure. A single exposure (10-cGy X-ray) remarkably induced cyclin D1 at 30 min that remained an elevated level 8 h after radiation (Figure 1b) . In contrast, cyclin D1 induction was significantly delayed in HK18 cells exposed to HDIR (5-Gy g-ray; Figure 1b) , suggesting that different kinetics in cyclin D1 expression and protein degradation is induced by exposure to LDIR versus HDIR. A striking advantage of clonogenic survival of the LDIRtreated HK18 cells was detected when a challenge high dose of 5-Gy g-ray was tested (Figure 1c) .
To determine whether cyclin D1 is involved in the LDIR-induced adaptive radioresistance, cyclin D1 siRNA was applied in HK18 cells irradiated with the same sequence of low and high doses of radiation. Compared with scrambled siRNA control, LDIRinduced clonogenic radioresistance was absent in cyclin D1 siRNA-treated cells (Figure 1d ). However, the siRNA treatment did not totally block the endogenous cyclin D1 (Figure 1d inset), indicating that LDIRinduced prosurvival pathways are sensitive to cyclin D1 protein level. Although the scrambled siRNA did show a toxicity that reduced cell-plating efficiency, treatment with scrambled and cyclin D1 siRNA did not induce difference in radiosensitivity in 5-Gy-treated cells, suggesting that a certain high level of cyclin D1 is specifically required for LDIR-induced adaptive resistance.
Subcellular distribution of cyclin D1 in LDIR-versus 5-Gy g-ray-treated cells Subcellular localization of cell-cycle proteins has been indicated to be important in determining cell radiosensitivity. Thus, we studied the levels of cyclin D1 in subcellular fractions after LDIR. Under long-term exposure of LDIR (0.5-cGy X-ray per fraction per day Â 10), cyclin D1 was found to be predominantly accumulated in the cytoplasm but not in the nucleus (Figure 2a ). To determine whether cyclin D1 subcellular distribution was differently regulated in low-and highdose-irradiated cells, we detected cyclin D1 levels in the fraction of cytosolic and nuclear proteins of HK18 cells. Compared to the total cell lysate shown in Figure 1b , only a slight increase of cyclin D1 was detected in the cytoplasm of low radiation-treated cells (2 h compared to W; Figure 2b ). However, there was no obvious increase of cyclin D1 detected in the cytoplasm of 5-Gyirradiated cells (Figure 2b ). In sharp contrast to highdose radiation that induced significant nuclear translocation of cyclin D1, there was no nuclear cyclin D1 detected at 8 h after 10-cGy radiation. Immunohistochemistry analysis of HK18 cells or mouse skin tissues further revealed that cyclin D1 nuclear translocation was predominantly enhanced by high but not low dose of radiation (Figures 2c and d) . Thus, the sustained cyclin D1 protein level in cytoplasm of LDIR-treated skin keratinocytes may be important in LDIR-induced adaptive radioresistance.
Dissociation of cyclin D1/14-3-3z complex in LDIR-treated cells The 14-3-3 chaperon proteins function to subcellularly localize specific signaling element. As 14-3-3z-mediated protein translocation is demonstrated to have an important role in different cellular functions, we asked whether LDIR-induced cytoplasmic accumulation of cyclin D1 is mediated by 14-3-3z. Co-immunoprecipitation assay detected a novel interaction between cyclin D1 and 14-3-3z (Figure 3a) . Interestingly, in contrast to 5-Gy g-ray that induced little alteration of the cyclin D1/ 14-3-3z complex, the cyclin D1/14-3-3z interaction was significantly reduced by LDIR with an estimated decrease of B50 times shown in Figure 3a (right panel). In consistence with LDIR-induced cyclin D1/14-3-3z dissociation (Figure 3b , upper panel), increased free cytoplasmic cyclin D1 was detected by western blot with the supernatant fraction of IP (Figure 3b ). Figure 3c further demonstrates the cyclin D1/14-3-3z complex in the cytoplasm that was significantly reduced after LDIR. These results clearly indicate that LDIR dissociates the cyclin D1/14-3-3z complex, which together with the enhanced cyclin D1 protein expression by LDIR shown in Figures 1a and b , suggests that an increased cytoplasmic cyclin D1 accumulation is a predominant feature of LDIR-induced adaptive resistance.
To verify that 14-3-3z was required for cyclin D1 nuclear transport in HDIR-treated cells that show a preapoptotic response, HK18 cells were treated with siRNA against 14-3-3z before 5-Gy irradiation. HK18 cells incubated with 14-3-3z siRNA showed a significant inhibition of 14-3-3z expression (Figures 3d and e, upper panel) . Consistently, treatment with 100 nM 14-3-3z siRNA, but not scramble siRNA, inhibited the nuclear translocation of cyclin D1 at 8 h post-5-Gy irradiation (Figures 3d and e, lower panel) . Although siRNAmediated 14-3-3z did not totally block the endogenous protein expression, radiation-induced nuclear translocation of cyclin D1 was totally blocked. This discrepancy suggests that a certain level of 14-3-3z protein is required for cyclin D1 nuclear translocation in high-dose radiation. Thus, the different response of cyclin D1/14-3-3z complex in low-and high-dose radiation represents a crucial evidence that 14-3-3z regulates cyclin D1 distribution, resulting in an increased level of cytoplasmic free cyclin D1 available for other cellular functions.
14-3-3z Ser-58 was required for interaction with cyclin D1 Powell et al. (2003) reported that mutation of 14-3-3z Ser-58 to Asp (S58D) significantly impaired interaction of 14-3-3z with Raf-1. Also, S58D inhibited the dimerization of 14-3-3z to dimerize. To determine HK18 cells were irradiated with a single dose of 10-cGy X-ray or 5-Gy g-ray and western blot was performed at indicated times after radiation or sham-IR cells (0-cGy; C, sham-IR control; b-actin as loading control). HK18 cells were left untreated (c) or treated with 10 nM of cyclin D1 short interfering RNA (siRNA) or scramble (d) for 60 h before irradiation with 10-cGy X-ray, and 6 h later a group of dishes were further exposed to 5-Gy g-ray. Clonogenic survival was measured at 24 h after radiation. Colonies consisting of more than 50 cells were scored as surviving colonies and normalized with the clone numbers observed on nonirradiated cells (n ¼ 3). The inset of (d) shows a western blot of cyclin D1 and b-actin in cells treated with cyclin D1 siRNA or scramble siRNA.
whether Ser-58 of 14-3-3z is required for interaction with cyclin D1, we applied the bimolecular fluorescence complementation technique (Hu et al., 2002) in living cells. HK18 cells were transfected with the fusion vectors encoding pFlag-14-3-3z-YN173 and pHA-cyclin D1-YC156, or pFlag-14-3-3z S58D-YN173 and pHA-cyclin D1-YC156 (schematic vectors are shown in the top of Figure 4a ). Protein-protein interaction at 24 h after irradiation with 10-cGy X-ray was visualized under fluorescence microscopy. Interaction of 14-3-3z with cyclin D1 mostly in the cytoplasm was severely reduced when Ser-58 of 14-3-3z was mutated to Asp ( Figure 4a ). To verify the requirement of Ser-58 for interaction of 14-3-3z with cyclin D1, co-immunoprecipitation was applied with the cell extracts of HK18 cells treated as in Figure 4a . Compared with pFlag-14-3-3z-YN173 þ pHA-cyclin D1-YC156-transfected cells, cyclin D1/14-3-3z interaction was extremely reduced in cells transfected with pFlag-14-3-3z S58D-YN173 þ pHA-cyclin D1-YC156. However, endogenous 14-3-3z/cyclin D1 interaction was not affected (Figure 4b ). Together with Figure 4a , this result suggests that a specific amino acid (that is, Ser-58) of 14-3-3z is essential for interaction with cyclin D1 that is sensitive to radiation-induced stress.
Cyclin D1/Bax interaction in LDIR-induced Dc m alteration and adaptive radiation resistance The expression levels of proapoptotic Bax and antiapoptotic Bcl-2 proteins and their interaction are (a) Cytoplasmic (C) and nuclear (N) proteins were prepared from HK18 cells at 24 h after last exposure to 10 fractions of 0.5-cGy X-ray and protein levels were measured with western blotting with a-tubulin and histone H3 as cytoplasmic and nuclear markers (W, sham-LDIR (low-dose ionizing radiation) control). (b) Western blotting of cyclin D1 with cytoplasmic (C) and nuclear (N) proteins prepared at indicated time points from HK18 cells after radiation with a low-or high-dose of radiation (a-tubulin and histone H3 as markers for cytoplasmic and nuclear fractions; W, sham-LDIR control). HK18 cells were treated with sham, 10-cGy X-ray or 5-Gy g-ray, and subjected to immunostaining of cyclin D1 and 4,6-diamidino-2-phenylindole (DAPI) staining of DNA at 8 h after radiation (c). Skin tissue sections prepared from mice whole-body-irradiated with sham, 10-cGy X-ray or 5-Gy g-ray were subjected to immunostaining (d). Right panels indicate the percentage of cells with nuclear staining of cyclin D1 (100 cells per field were counted and the average of five fields was used to generate the graph).
considered critical factors for maintaining Dc m and mitochondrial apoptosis. Figure 5a shows an increased Bax/Bcl-2 ratio (B28-fold) by 5-Gy radiation, which contrasted the low level of 0.74-fold alteration in 10-cGy X-ray-treated cells and 3.5-fold alteration in 10-cGy X-ray/5-Gy g-ray-treated cells. Data of Figure 5b further revealed that cyclin D1 was able to interact with both Bcl-2 and Bax after low doses of radiation. However, the low radiation strikingly enhanced the cyclin D1/Bax interaction and reduced the Bcl-2/Bax interaction, which was opposite in 5-Gy-treated cells ( Figure 5b , marked with a box). Furthermore, inhibition of cyclin D1 by siRNA eliminated the cyclin D1/Bax complex in 10-cGy-treated cells (Figure 5b , lower panel). Next, we determined whether cytoplasmic cyclin D1 accumulation is involved in the regulation of Dc m , a key event in mitochondrial apoptosis. Figure 5c shows that release of mitochondrial cytochrome c to the cytosol, a result of damage in outer mitochondrial membrane, was significantly increased by 5-Gy IR than 10-cGy X-ray. Preexposure of 10-cGy also inhibited the 5-Gy-mediated cytochrome c release. Consistently, a significant decrease in Dc m was noticed in cells exposed to 5-Gy, whereas preexposure to LDIR almost totally reversed the loss of Dc m and the apoptotic response induced by 5-Gy alone (Figures 5d and e) . Thus, the LDIR-induced Dc m protection and inhibition of apoptosis that can be eliminated by cyclin D1 siRNA suggest that maintaining a certain high level of cytoplasmic cyclin D1 is critical for LDIR-mediated adaptive radioresistance.
No alteration of cell cycle by HDIR with or without preexposure to LDIR Mammalian cells exposed to a single HDIR activate cell-cycle checkpoints and cell-cycle arrest (Paulovich et al., 1997) . In light of our current results that cyclin D1, a key cell-cycle regulator for G 1 /S-phase transition, is involved in mitochondrial apoptosis, it is logical to assume that LDIR-induced adaptive response is related with cyclin D1-mediated cell-cycle alteration. However, no significant difference was detected in the HK18 cells irradiated with 10-cGy/5-Gy radiation compared to 5-Gy alone (Table 1) . These results are supportive to our finding that cyclin D1-mediated regulation of Dc m and mitochondrial apoptosis rather than cell-cycle regulation is required for LDIR-induced adaptive radioresistance.
Discussion
The present study demonstrates a novel mechanism of cyclin D1 in LDIR-mediated antiapoptotic response. In contrast to an HDIR (5-Gy g-ray) that induced cyclin D1 nuclear translocation, LDIR (10-cGy X-ray) accumulated cyclin D1 in the cytoplasm and, interestingly, dissociated the cyclin D1/14-3-3z complex. The enhanced cytoplasmic cyclin D1 is confirmed to interact with and inhibit Bax with an improved Dc m in LDIRinduced adaptive radiation protection. Consistently, siRNA-mediated suppression of cyclin D1 inhibits cyclin D1/Bax complex formation with a reduced Dc m and eliminates LDIR-induced radioprotection. These results demonstrate that both cyclin D1 expression and cyclin D1/14-3-3z complex are able to enhance cytoplasmic cyclin D1 level, which maintains Dc m by direct interaction with Bax in adaptive radiation resistance.
The chaperon 14-3-3 proteins carry different cellular functions by binding and relocating their partners (Hermeking et al., 1997) , which are essential in regulation of cell-cycle checkpoints in DNA-damage response (Hermeking et al., 1997; Yoshida et al., 2005 ). The present study tested that z-isoform of 14-3-3 is involved in the subcellular distribution of cyclin D1 regulated in the LDIR-induced adaptive radioresistance. A novel complex formed by cyclin D1 and 14-3-3z is detected in resting human keratinocytes HK18 cells. Most interestingly, the response of this complex is strikingly different in low (10-cGy X-ray) versus high (5-Gy g-ray) radiation. Mutational analysis revealed that Ser-58 of 14-3-3z is necessary for its interaction with cyclin D1. Compared with HDIR, cyclin D1/14-3-3z complex is significantly reduced after LDIR (Figure 3a) , which causes the increase of free cyclin D1 in the cytoplasm (Figure 3b) . Therefore, LDIR-induced cyclin D1 proteins shown in Figures 1a and b should contain a substantial amount of the free cyclin D1 dissociated from the cyclin D1/14-3-3z complex. Published results Figure 3 Cyclin D1 and 14-3-3z formed a complex that was dissociated by low-dose ionizing radiation (LDIR). (a) Detection of cyclin D1/14-3-3z complex. Whole-cell lysates of resting and irradiated HK18 cells were immunoprecipitated with anti-cyclin D1 antibody followed by immunoblotting (IB) with 14-3-3z or cyclin D1 antibody. Immunoprecipitation (IP) and IB without cell extracts were included as negative control (NC; right panel, cyclin D1/14-3-3z interaction estimated by densitometry). (b) Cyclin D1/14-3-3z complex dissociation. The upper panel (IP) shows cyclin D1/14-3-3z interaction and the lower panel (IB) shows the increased free cyclin D1 in the supernatant (b-actin served as loading control) 8 h after LDIR treatment. (c) Dissociation of cyclin D1/14-3-3z in cytoplasm. Upper panel, cyclin D1/14-3-3z interaction was detected in cytoplasmic (C) and nuclear (N) extracts by IP. Extracts of sham-IR cells were preincubated with cyclin D1 antibody included as NC (W, sham-LDIR). Lower panel, western blotting of cyclin D1 (a-tubulin and histone H3 as cytoplasmic and nuclear markers) and the densitometry estimated cyclin D1/14-3-3z complex shown in the upper panel. (d) Inhibition of 14-3-3z by short interfering RNA (siRNA). Upper panel, western blot of 14-3-3z in HK18 cells after transfection with 14-3-3z (50 or 100 nM) or scramble siRNA (control; 100 nM) for 60 h. Lower panel, HK18 cells were treated with 100 nM 14-3-3z or scramble siRNA before 5-Gy radiation. Cytoplasmic and nuclear cyclin D1 were detected by western blotting. (e) Upper panel, HK18 cells transfected with 14-3-3z siRNA for 60 h were subjected to immunohistochemistry (IHC) of 14-3-3z 8 h after 5-Gy radiation (nucleus visualized by 4,6-diamidino-2-phenylindole (DAPI)). Lower panel, HK18 cells treated with 14-3-3z siRNA, scramble or transfection agent (Lipo), and cyclin D1 was detected by IHC 8 h after 5-Gy radiation.
suggest a time of 4-6 h after low-dose radiation generates the maximal protection against the challenge of an HDIR (Shadley et al., 1987) . In agreement with the published data, in a previous study, we found that exposure of mouse skin epithelial cells to LDIR 6 h before the high-dose challenge induced a significant level of adaptive response (Fan et al., 2007) . This study on human skin epithelial cells also showed a significant induction of the adaptive radioresistance 6 h after exposure to 10-cGy (Figure 1c) , suggesting a similar adaptive radioprotection between mouse and human skin cells. We also found that dissociation of cyclin D1/14-3-3z complex was enhanced at 8 h after low-dose radiation. These results suggest the possibility that although cyclin D1 expression is induced, the free cyclin D1 dissociated from the cyclin D1/14-3-3z complex that occurs at late hours after radiation is responsible for the adaptive radioprotection. The complex cyclin D1/14-3-3z formed mainly in the cytoplasm (Figures 2a and b,  and 3a) is confirmed by IP-western analysis (Figure 3c ). The separation of cyclin D1 from 14-3-3z in LDIRtreated cells is apparently required for increasing the cytoplasmic retention of cyclin D1 that otherwise move to the nucleus under HDIR-induced cytotoxicity with a predominant apoptotic reaction. This is further supported by an obvious nuclear translocation of cyclin D1 by 14-3-3z in 5-Gy-treated cells (Figures 3d and e) . The high dose-induced cyclin D1 nuclear translocation was further confirmed in the skin tissues of whole bodyirradiated mice (Figure 2d ), which was absent in low radiation-treated cells. These results reveal a specific 14-3-3z-mediated cyclin D1 subcellular translocation. The exact mechanism underlying low and high radiation-induced cyclin D1/14-3-3z complex regulation is to be further investigated. Sakamaki et al. (2006) reported that cytoplasmic sequestration of cyclin D1 is linked with altering Dc m , a critical event in the control of apoptotic response and cell survival. In agreement with this report, the present study shows that a high dose of radiation (5-Gy g-ray) decreased Dc m and released cytochrome c from mitochondria to the cytosol with induction of apoptosis (Figures 5c-e) . However, unlike HDIR alone, preexposure to LDIR (10-cGy X-ray) prevents the high dose-induced loss of Dc m and apoptosis. Further study with siRNA indicates that inhibition of cyclin D1 blocks the LDIR-mediated protection of high dose-induced loss of Dc m . Therefore, LDIR-induced accumulation of cytoplasmic cyclin D1 that can come from both enhanced protein expression and dissociation of the cyclin D1/14-3-3z complex has a key role for maintaining Dc m and the resistance to apoptosis by subsequent DNA damage induced by an HDIR.
It has been well-defined that Bcl-2 family of anti-and proapoptotic proteins regulates Dc m and mitochondrial apoptosis in radiation response (Yang et al., 1997; Karbowski et al., 2006) . In this study, although the ratio of mitochondrial antiapoptotic Bcl-2 to proapoptotic Bax is increased in 5-Gy-treated cells, preexposure to LDIR significantly reverses the ratio (Figure 5a ). Bcl-2 has been reported to directly interact with Bax (Sakamaki et al., 2006) to inhibit Bax-induced loss of Dc m and cytochrome c release. Importantly, as shown in Figure 5b , unlike exposure to 5-Gy IR that shows a lack of cyclin D1/Bax interaction, LDIR significantly enhances the interaction of cyclin D1 with Bax. Although 5-Gy-treated cells also demonstrate a slight enhancement of Bcl-2/Bax interaction that indicates a possible antiapoptotic response in high dose-irradiated cells, their levels were much less in LDIR-treated cells. Therefore, our current data strongly suggest that the free cytoplasmic cyclin D1 that can be enhanced by gene expression and dissociation from the cyclin D1/14-3-3z complex interacts and inhibits Bax to protect Dc m under the subsequent stress of HDIR. The distinct cyclin D1 subcellular localization and specific interaction with Bax may be crucial determinants for the different radiation sensitivity observed in mammalian cells.
It has been well-characterized that cell-cycle checkpoints and cell-cycle arrest are activated by a single HDIR (Paulovich et al., 1997) . It is reasonable to assume that LDIR induces a similar cell-cycle arrest as cyclin D1 is induced as shown in the present study. The common targets of LDIR and HDIR, for example, double (DSBs)-or single-strand breaks (SSBs), are a key threat to the integrity and stability of the genome. Understanding the fate of irradiated cells is primarily based on studies under conditions of lethal dose of IR. Reports further demonstrate that B3% of low dose (10-cGy)-irradiated cells sustain DSBs and other forms of DNA damages that require cell-cycle regulation and DNA repair (Rothkamm and Lobrich, 2003) . The exact role underlying the LDIR-induced DSBs or SSBs in inducing cell-cycle arrest and adaptive radioresistance is not clear. On the basis of these results, we analysed cellcycle distribution of HK18 cells after radiation with sham, 10-cGy, 5-Gy or 10-cGy þ 5-Gy. No significant difference was induced in the cell-cycle arrest between 5-Gy and 10-cGy þ 5-Gy (Table 1) . These results clearly demonstrate that cyclin D1-mediated regulation on mitochondrial apoptosis rather than the cell-cycle status is a determinant factor in LDIR-induced adaptive radioresistance.
In summary, the present data reveal a new function of cyclin D1 in LDIR-induced adaptive radioprotection. In contrast to the HDIR (5-Gy g-ray) that induces 14-3-3z-dependent cyclin D1 nuclear import, LDIR (10-cGy Xray) causes a dissociation of cyclin D1/14-3-3z complex that together with cyclin D1 protein expression increases the cyclin D1 accumulation in the cytoplasm. The free cyclin D1 protects the sequential insult of HDIR that otherwise enhances the loss of Dc m and apoptosis by binding to and suppressing proapoptotic Bax. Thus, cytoplasmic cyclin D1 accumulation represents a new therapeutic approach in adjustment of cell radiosensitivity.
Materials and methods
Cell culture and IR exposure Human skin keratinocytes HK18 (Chen et al., 2002) were maintained in Dulbecco's minimum Essential medium supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), penicillin (100 units per ml) and streptomycin (100 mg/ ml) in a humidified incubator (5% CO 2 ). For the long-term radiation with low-dose X-rays, exponentially growing HK18 cells in T25 flask with 70-80% confluence were exposed to radiation at room temperature using a Cabinet X-ray System Faxitron Series (dose rate: 0.028 Gy/min; Hewlett Packard, McMinnville, OR, USA). HDIR was delivered with the GR-12 irradiator equipped with a cobalt-60 (dose rate: 2.3 Gy/min; US Nuclear Corp., Burbank, CA, USA). Cells sheltered from low or high doses of radiation were used as the sham-IR control. The fractionated low dose-treated or sham-irradiated HK18 cells were maintained in complete medium and passaged every 3 days during the course of LDIR treatment. The cell growth status of 0.5-cGy-irradiated cells at different fractions was detected and no difference was measured compared to the sham-LDIR-treated cells. Radiation sensitivity was measured by clonogenic survival assay and apoptosis .
Western blotting and immunoprecipitation
Immunoblotting was followed with the described methods . The antibody preparations against 14-3-3z (sc-1019), actin (sc-8432), cyclin D1 (sc-20044), cytochrome c (sc-13560), Bax (sc-493) and Bcl-2 (sc-509) were purchased from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA). Anti-Cox IV (ab14744) and -histone H3 (ab1791) were bought from Abcam (Canbridge, MA, USA). The antibodies of CuZuSOD (catalog no. 556360) and a-tubulin (T 6074) were obtained from BD Biosciences Pharmingen (Franklin Lakes, NJ, USA) and Sigma (St Louis, MO, USA), respectively. Immunoprecipitation was performed as previously described (Ahmed et al., 2006) .
Preparation of cytoplasmic and nuclear extracts
Cells were rinsed with phosphate-buffered saline (PBS) containing 1 mM EDTA, collected by centrifugation and resuspended in ice-cold hypotonic lysis buffer supplemented with protease inhibitors (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.9, 0.1 mM EDTA, 0.1 mM ethylene glycol tetraacetic acid (EGTA), 10 mM KCl, 0.3% nonidet P-40 (NP-40), 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride (PMSF), 1 mg/ml leupeptin and 1 mg/ml pepstatin A). Following 15 min of incubation on ice, the cell lysates were vortexed and centrifuged at 15 000 g for 1 min to obtain the nuclear pellet and the cytosolic protein-containing supernatant. The nuclear pellets were washed using the aforementioned buffer with the exclusion of NP-40. Then the nuclei were resuspended in the ice-cold solution (20 mM HEPES, pH 7.9, 420 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, 1 mg/ml leupeptin and 1 mg/ml pepstatin A). After 30 min of incubation on ice, the samples were centrifuged at 15 000 g for 5 min and the resulting supernatant was saved as nuclear extracts and stored in the À80 1C freezer until use for western analysis. Silencing 14-3-3z and cyclin D1 expression by siRNA siRNA capable of targeting mRNAs encoding 14-3-3z or cyclin D1 were synthesized with the Silencer siRNA Construction Kit (Ambion, Austin, TX, USA). The primers used to synthesize the siRNAs were as follows: AAACATCATTG CAGATATCTCCCTGTCTC (sense; 14-3-3z) and AAGAG ATATCTGCAATGATGTCCTGTCTC (antisense; 14-3-3z); AACAACTTCCTGTCCTACTACCCTGTCTC (sense; cyclin D1) and AAGTAGTAGGACAGGAAGTTGCCTGTCTC (antisense; cyclin D1). Cells were seeded to achieve 30-50% confluence and transfection of siRNA was performed using Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) in 35 mm plates with antibiotics-free medium for 24 h before transfection with indicated amounts of siRNAs. Scramble RNA Duplex (Ambion) was included as control. Inhibition of 14-3-3z or cyclin D1 was determined by western blotting at 60 h post-transfection. All transfectants were maintained in antibiotics-free complete medium until collection for analysis.
Immunostaining and immunohistochemical analyses HK18 cells transfected with 14-3-3z siRNA or scramble for 60 h and mouse tissue sections were examined by standard immunostaining and immunohistochemical protocols, respectively. For immunostaining, cells were irradiated with different doses and then fixed in ice-cold 3.7% formaldehyde followed by permeabilization in ice-cold 0.2% Triton X-100 for 5 min, incubation with primary antibody (anti-cyclin D1 or anti-14-3-3z) for 1 h and with the secondary antibody conjugated with Texas Red (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h. For immunohistochemical analysis, formalin-fixed, paraffin-embedded tissue sections (5 mM) were prepared from mice 24 h after whole-body irradiation with sham, 10-cGy X-ray or 5-Gy g-ray. Following deparaffinization in xylene and rehydration through graded ethanol, the sections were incubated with primary antibody (anti-cyclin D1) for 1 h, followed by three washes, and the incubation with the secondary antibody conjugated with Texas Red for 1 h.
Imaging protein interactions in living cells
Full-length sequences encoding human 14-3-3z and 14-3-3z S58D, and cyclin D1 were fused to N-(residues 1-173) and C-terminal (residues 156-238), respectively, fragments of enhanced yellow fluorescent protein (EYFP). The coding region of 14-3-3z or 14-3-3z S58D, or cyclin D1 was connected with the coding region of N-or C-terminal of EYFP by linker sequences as previously described (Hu et al., 2002) . All the fusion constructs were confirmed by sequencing. HK18 cells growing in 96-well plates were co-transfected with 0.1 mg of each expression vector, that is, pFlag-14-3-3z-YN173 and pHA-cyclin D1-YC156 or pFlag-CMV-14-3-3z S58D-YN173 and pHA-cyclin D1-YC156, using Lipofectamine2000 (Invitrogen). The fluorescence emissions were observed in living cells between 24 h after irradiation with 10-cGy using a Nikon TE300 inverted fluorescence microscope with a cooled CCD camera.
Assay of mitochondrial membrane potential Cellular Dcm was determined using a fluorescent cationic dye, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethyl-benzamidazolocarbocyanin iodide (JC-1; Molecular Probes, Eugene, OR, USA). The changes in Dcm were measured with the levels of relative fluorescence units, using a SpectraMax M5 MultiMode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA), with a 485 nm excitation filter and a 525-595 nm emission filter.
Apoptosis assay
To detect apoptotic cells, terminal deoxynucleotidyltransferase-mediated UTP end-labeling (TUNEL) method was used according to the manufacturer's instructions (ApopTag plus peroxidase in situ apoptosis detection kit (Chemicon, Temecula, CA, USA).
Flow cytometry analysis
Exponentially growing HK18 cells were exposed to sham-IR, 5-Gy g-ray and 10-cGy X-ray with or without 6 h postexposure to 5-Gy. At 24 h post-5-Gy-radiation, cells were trypsinized, counted and 1 Â 10 6 cells were suspended in PBS containing 0.2 mg/ml RNase, 0.1 mg/ml bovine serum albumin, 0.05 mg/ml propidium iodide and 0.1% Triton X-100, and incubated for 30 min at room temperature. To determine the distribution of cells in G 1 , S and G 2 phases, 2 Â 10 4 cells were analysed by flow cytometry and the data were processed using IDLYK software (created at Los Alamos National Laboratory).
Abbreviations
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